I t is now ten years since the famous paper 1 by Wittig and Schöllkopf "Uber Triphenylphosphinmethylene als olefinbildende Reagenzien" hurst upon the chemical world. Those of us engaged at the time in polyene synthesis seized upon the new olefin synthesis with great joy and applied it with outstanding success in many fields. Bohlmann in the synthesis of naturally occurring polyenes, Lythgoe and Inhoffen in the Vitamin D field, and Isler and his collaborators in the Vitamin A and carotenoid fields were outstanding in this era. Attention then tumed to the investigation ofthe reactions ofWittig reagents-alkylidenephosphoranes-with functional groups other than carbonyls. This led to the development of many important synthetic methods, Bestman and Märkl being particularly associated with this phase. More recently chemists have returned to a closer examination of the olefin synthesis itself, in particular of the mechanism and stereochemistry. It is with these aspects that I shalllargely be concerned. The tremendous interest in this general field in the last ten years means that, of necessity, my account will be fragmentary and the selection of material a highly personal one.
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Alkylidenephosphoranes are obtained from a1kylphosphonium salts by use of a suitable base: Base RaP+·CH 2 R 1 X-----+ R 3 P:CHR 1 The strength of base necessary depends on the acidity of the (X-hydrogen and varies from aqueous sodium carbonate for the diphosphonium salt (Ph 3 P+)2CH 2 2Br-(ref. 2) , to alkyl-metals in non-polar solvents for unsubstituted alkylphosphonium salts. Basesand solvents commonly employed include butyl-and phenyl-lithium in ether, benzene, or tetrahydrofuran, and sodium or Iithium alkoxides in the corresponding alcohol or in dimethyl-formamide. Recently3, the use of dimethyl sulphoxide metallated by sodium hydride, i.e. MeSO·CHz-Na+, with dimethyl sulphoxide as solvent, has been described. High yields of olefins are claimed from rapid reactions.
Alkoxides lead to an equlibrium between phosphonium alkoxide and phosphorane and are finding increasing use, not only because of their greater convenience but also because they allow the presence in R I of groups which react with alkyl-metals, e.g. (DMF = dimethylformamide) 4, Alkoxides in the corresponding alcohol as solvent cannot be used for the generation of the highly reactive simple alkylidenephosphoranes, as phosphine oxide formation is too rapid under these conditions. + PhaPROEt + EtOH _,.. Ph 2 PO·R + Et 2 0 + PhH Difficulty sometimes arises through alkoxide-catalysed self-condensation of the carbonyl component, forming water which can lead to hydrolysis of the phosphonium salt5.
When alkyl-lithiums are used in the preparation of phosphoranes, addition of the reagent anion to the phosphorus cation to give a derivative of quinquecovalent phosphorus may compete with direct phosphorane formation by proton-abstraction. Seyferth et al.6 showed that benzene (26 per cent) is produced when methyltriphenylphosphonium bromide is treated with methyl-lithium in ether, and suggested the intermediate (I Substituents on the IX-and ß-carbon atoms of alkyltriphenylphosphonium salts can Iead to complications in phosphorane formation. Chloromethyltriphenylphosphonium chloride with phenyl-or butyl-lithium gives the chloromethylenephosphorane7, but with the same reagents, the corresponding bromo-and iodo-methyl salts also undergo nucleophilic removal of halogen to give methylenetriphenylphosphoraneS, 9: [Ph 3 P=CH8r+Ph 3 P==CH 2 ] + PhH + PhBr (59%) (40%)
This competing reaction does not occur when the less nucleophilic Iithium piperidide is used9.
A further complicating reaction, reported so far only with chloromethyltriphenylphosphorane10, is the addition of excess of alkyl-or aryl-lithium to the phosphorane, followed by migration of a phenyl group with simultaneous expulsion of chloride ion : Buli -BuPh 2 P:=CHPh Alkoxy-and aryloxy-methylphosphonium salts in general take part in normal Wittig reactions to give vinyl ethers, readily hydrolysed by acid to aldehydes. The best yields are obtained using the phenoxymethyl salt5. The vinylogous bisphosphonium salt (V) was reported to undergo a similar elimination on treatment with phenyl-lithium, but it can be used successfully in olefin synthesis if a Iithium alkoxide is used as base15:
etc.) capable of stabilizing the (Xcarbanion lead to the stable phosphoranes often known as the phosphobetaines16, 17. They are relatively stable to hydrolysis and are obtained from the salts by using aqueous sodium hydroxide. However, they still react readily with aldehydes giving (X,ß-unsaturated nitriles, aldehydes, esters etc.
Other methods for the preparation of alkylidenephosphoranes are available18, from carbon tetrahalides, from compounds containing reactive methylene groups, and via carbenes, but so far as olefin synthesis is concerned they arenot important.
The formation of phosphine oxide and olefin from phosphorane and carbonyl compound is a two-stage process involving an intermediate betaine (VI)
The rate-determining step may be either the formation of the betaine or its decomposition.
If betaine formation involves nucleophilic attack of the <X-carbon of the phosphorane on the carbonyl group, the rate will depend on the nucleophilicity of the <X-carbon and on the susceptibility to nucleophilic attack of the carbonyl group.
Substituents on phosphorus which tend to decrease the positive character ofthat atom will increase the reactivity of the phosphorane by stabilizing the contributing dipolar form, while delocalization of the negative charge on the <X-carbon, e.g. by substituents R 2 and R3 having -M effects, will considerably reduce the reactivity. Thus, while fluorenylidenetriphenylphosphorane (VII; R = Ph), in which the negative charge is delocalized throughout the fluorene nucleus, reacts with neither aldehydes nor ketones, the trialkylphosphoranes (VII; R = Me, Bu) react with aldehydes and
with the more reactive ketones, e.g. 4-nitroacetophenone19. Again, the stable phosphoranes Ph3P :CH·COR react readily with aldehydes but very slowly or not at all with ketonesl6, 1 7 , unless in the presence of an acid catalyst 2 0.
Particularly interesting examples of stable phosphoranes are the cyclic compounds (VIII) 21, which do not react with carbonyl compounds. They are relatively stable to hydrolysis and seem to have definite aromatic character.
In contrast with Grignard reagents and with some sulphur ylids, alkylidenephosphoranes normally attack at the ß-position of cx,ß-unsaturated ketones only when the carbonyl group is highly hindered, e.g. in mesityl ketones 22 Few anomalaus reactions have been reported for the betaines which are the initial products from the addition of phosphoranes to aldehydes and ketones. Epoxide formation, which is the major reaction of the corresponding sulphur and arsenic compounds, has not been observed. Wittig and 259 Böll 11 have described a rearrangement of the betaine from butoxymethylenetriphenylphosphorane and butyraldehyde. Besides the expected olefin (12 per cent) the ketone (IX) and triphenylphosphine are also formed in a reaction which probably involves a hydride shift.
-
Betaine decomposition is usually assumed to proceed through a fourmembered cyclic transition state. The elimination step will be retarded by substituents Rl [as in (VI)] which decrease the positive character, and hence the oxygen-affinity, of the phosphorus (by means of +I, +M, or hyperconjugative effects), and accelerated by substituents R2-R5 which can conjugate with the incipient double bond in the transition state. Clearly, factors which help betaine formationhinder betaine decomposition, and vice versa. At the one extreme, the reactive phosphoranes (X) and (XI) give with benzaldehyde stable betairres (e.g., XII) in which the positive character of the phosphorus is so reduced that phosphine oxide elimination does not take place24; at the other extreme, intermediate betairres have ' never been isolated in olefin syntheses in which the unreactive phosphoranes Ph 3 P:CH·COR were used. Here the slow firststage is followed by a rapid elimination.
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In Wittig reactions involving the formation of isolated double bonds it is traditional to warm the reaction mixture to 60° for a period of hours, but the recent work of Hauser25 using aliphatic aldehydes suggests that olefin formation is probably very much more rapid than is usually thought.
The first kinetic investigations ofWittig reactions were reported by Hudson and his co-workers and by Speziale and Bissing26 who studied the reaction of the stable ester phosphorane Ph3P :CHC02Me with a series of aromatic aldehydes. The results were consistent with a rate-determining first step involving nucleophilic attack of the phosphorane on the carbonyl groups. The energies of activation were low and the entropies of activation large and negative, suggesting a highly oriented transitionstatein betaine formation.
Speziale and Bissing also provided evidence for the reversibility of betaine formation. They treated cis-and trans-ethyl phenylglycidate with tributyl and triphenylphosphine in refluxing ethanol in the presence of the very reactive m-chlorobenzaldehyde and obtained both cinnamate and m-chlorocinnamate esters. The presumed intermediate can eliminate 
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and additives the conformations will be determined largely by the electro-+ static attractions between P and 0. In discussing the factors which control the isomer ratio it is convenient to deal separately with the extreme cases of "stable", that is unreactive, and "reactive" alkylidenephosphoranes. As mentioned above when using stable phosphoranes the intermediate betaines cannot be isolated and the potential energy profiles will be as in Figure 1 . Applying Hammond's famous hypothesis27 on the nature of transition states, both T 1 and T 2 are much closer in character to the betaines than to reactants or products respectively and one would predict that: A 8 c E Figure 1 0 F ( a) the steric factors which lead to energy differences in the betaines ( C) and (E) are well developed in T 1 and therefore k4 will be greater than k 1 and k2 will be greater than k5 but by a smaller factor; ( b) the factors which lead to greater stability of trans as against cis-olefin (less steric compression and better conjugation) arenot well developed in T 2 and therefore k 6 will be greater than ks but again not by a large factor. To seehow far these predictions arevalid we note that C and E are reactive intermediates and that therefore the steady state approximations can be made. Theselead readily to the equation
Indeed my colleague Dr F. Downton of the Department of Mathematics at Leicester has produced an elegant proofthat this simple formula relating the yields of isomers to the six rate constants applies even if the steady state approximations are not marle, that is, it applies to all Wittig reactions.
The data of Speziale and Bissing tell us that in the reaction between ethoxycarbonylmethylenetriphenylphosphorane and benzaldehyde, k2 = 0·5 ks and k5 = 0·15 k6. Ifwe assume that k2 = k5 and substitute in equation
(1) using the observed value of DjF then k4 = 4kl and k6 = 3·3k3. If, on the other hand, we make the equally valid assumption that ka = k 6 , then again k4 = 4kl and now k2 = 3·3k 5 • A fair conclusion would be that the major factor controlling the isomer ratio in this particular reaction is the relative rate of betaine formation with rninor help from the relative rates of betaine dissociation and betaine decomposition, all working in the same direction towards a high er proportion of trans-isomer.
Large ~X-substituents R' in the stable phosphoranes FhaP : CR'·COR would lower the energy differen~e between the intermediate betaines, that is equate k1 to k4 and k2 to ks. Equation (1) then becomes
which is not stereoselective unless k is very much larger than ka and k6. The observation of House and Rasmusson29 that only 3·5 per cent of ethyl angelate is formed from the phosphorane (XIV; R=Me) and acetaldehyde is Iess easy to rationalize unless 3·5 per cent ofthe cis-isomer is already a loss of stereospecificity as opposed to the reaction of (XIV; R=H) and acetaldehyde. Fortunately for theory this latter reaction has not been reported.
If we now turn to consider systems involving reactive phosphoranes, the intermediate betaines here are not "reactive interrnediates" and the steady state approximations cannot be made. However equation (1) is still applicable. Here k1 and k4 are very much larger than any of the other rate constants and the potential energy profile is as in Figure 2 . In the transition state T1, the steric factors leading to the difference in energy between C and E arenot weil developed. Therefore k 1 approximates to k4 and k2 is greater than ks. T2 will be closer in character to betaines than to products and therefore conjugative and steric factors will again not be weil developed. If conjugative effects are absent models show that the relief of steric strain in formation of the trans-olefin is greater than that in formation of the cis and therefore k6 will be greater than k 3 but not by a large factor.
We approached this system30 by setting out to prepare ß-hydroxyalkylphosphonium salts of known stereochemistry. These with base would generate betaines of known stereochemistry and we could then study their fate. Using the method developed by Isslieb31, sodium diphenylphosphide with trans-stilbene epoxide gave a ß-hydroxyalkylphosphine which with methyl iodide gave the phosphonium salt (XV). The stereochemistry is as shown, although, as we shall see later, this cannot be assumed from the method of syn thesis. 
HO/ "--Ph· H (XV)
With sodium ethoxide in ethanol this salt gave via the betaine ( C), cis-and trans-stilbenes in the ratio of59 : 41, while the overall reaction ofthe benzylidenephosphorane (A) with benzaldehyde gave a ratio of 33 : 66. From this it follows that k2 = 1·6ka. This result agreed with that of a similar experiment which involved generating (C) in the presence of an excess of m-chlorobenzylaldehyde to remove the phosphorane (A) as formed. cis-Stilbene and mixed 3-chlorostilbenes were formed in very nearly the expected ratio of 2 : 3. No transstilbene was detected in this experiment which rules out conversion of (C) to (E) by removal of the (X-proton and replacement from the other side.
More information about this sytem can be obtained if we assume that, as k1 and k4 are very much !arger than any ofthe other rate constants, starting with (A) and (B) is equivalent to starting with equal quantities of (C) and (E). If this is so it follows that the betaine (E) alone would give cis-and trans-stilbenes in a ratio of approximately 92 : 8, and from this that k6 : k5 is roughly 3, the error being quite large because of the extreme ratio of isomers. Alternatively, we can apply the general equation (1) which, assuming again that k 1 = k 4 , leads to k 6 = 3·3k 5 • No information can be gained about the relative values of k2 and k 5 or of k 6 and ka, but a table relating these quantities can be drawn up ( Table 1) . The steric compression in a model of ( C) would lead one to expect a fairly substantial ratio of k2 : k5. Again, therefore, one must conclude that in this particular system the rates of formation of olefin from isomeric betaines are not very different and that this factor plays only a minor part in determining the final isomer ra tio.
The observations of Bestmann and Kratzer32 using benzylidenephosphoranes arerelevant at this point. They showed that, whereas benzylidenetriphenylphosphorane leads to mixtures of isomeric olefins, the corresponding tricyclohexylphosphorane gives only the trans-isomers. Two Ph2P. CHPh
effects can be discerned here. The greater steric effect of cyclohexyl groups will lead to a greater difference between k2 and k 5 (betaine dissociation), and the reduced oxygen affinity of the phosphorus in the betaines will slow down olefin forrnation and allow conjugative and steric effects to becorne rnore irnportant as the transition state gains rnore double bond character.
In order to cornplete the study of our system, and as a check on the conclusion that we had drawn about it, we attempted to obtain the diastereoisomeric salt (XVI) by the reaction of sodium diphenylphosphide with cisstilbene epoxide. The product proved to be identical with that (XVII) obtained from the trans-epoxide. This can be rationalized in terms of an equilibration of the isomeric anions (XVIII) and (XIX), by way of the phosphine carbanion (XX). The anion (XIX) would be the more stable configuration with a highly solvated negatively charged oxygen. This equilibrium is supported by two other experiments. Firstly addition of ethanol to the reaction mixtures instead of glacial acetic acid gave only benzyldiphenylphosphine and benzaldehyde, and secondly this phosphine treated successively with butyl-lithium, benzaldehyde, acetic acid, and methyl iodide gave the phosphonium iodide (XVII). It is assigned this particular stereochemistry because of the high proportion of cis-stilbene formed with sodium ethoxide in ethanol. 
PhCHO
The carbanion (XX) rnust be stabilized by the adjacent phosphorus, that is by contributions from the form (XXI). We are now exploiting the use in synthesis of carbanions stabilized by adjacent neutral phosphorus.
As far as the very reactive phosphoranes, e.g. methylenetriphenylphosphorane, are concerned, reversible betaine formation certainly still operates. The phosphonium salt (XXII) with either sodium ethoxide in ethanol or aqueous sodium hydroxide gives only dimethylphenylphosphine oxide and benzaldehyde30. In these solvents betaine dissociation is much more rapid that olefin formation. Presumably solvation of the transition state speeds up dissociation, and solvation of the betaine retards olefin formation.
The observations of Boskin and Denney33 on the highly stereospecific reactions of tributylphosphine with cis-and trans-but-2-ene epoxides, which 266
give cis-and trans-but~2-enes in the respective ratios of 19 : 81 and 72 : 28, have been held to indicate that reversible betaine formation is not here importantlS, However, if no direct attack of phosphine on oxygen is occurring, these results are quite easily explained on the basis of reversible betaine formation, simple arithmetic giving us that k2 = 1·06 ka, and k 5 = 0·72 k6. As with the benzylidenephosphorane considered above the essential difference between the isomeric betaines is that the one giving cis~olefin dissociates faster than it decomposes and the one giving trans-olefin decomposes faster than it dissociates.
Quite obviously much more detailed work is required on the kinetics of systems employing highly reactive phosphoranes.
The most exciting work in this field in recent years has been that Qf Shemyakin and his collaborators34 on the effects of solvent and various additives on olefin-isomer ratios formed from reactive alkylidenephosphoranes. They showed that increasing polarity of solvent Ieads to a greater propor~ tion of cis-isomer. Two effects are discernable here. Salvation of the phosphorane slows down the first steps (k1 and k4), that is we approach more the system considered above for unreactive phosphoranes, and solva tion of the betaines means that their c6nformations are no Ionger determined by the + electrostatic attraction between P and 0 and eventually the relative stabilities of the betaines leading to cis-and trans-olefins are reversed, that (XXIII) leading to the cis-isomer becoming the more stable.
The more dramatic effect discovered by the Russian workers is that of nucleophilic Lewis bases, in particular Br-and I-, in increasing the proportion of cis-olefin. Amines have a similar effect, in increasing order of their nucleophilicities. Reactions carried out in dimethylformamide containing Iithium iodide gave almost pure cis-olefins and these conditions have been 267 applied by Shemyakin with great success in the synthesis of naturally aceurring cis-olefins. cxxrrn Nucleophilic Lewis bases have a pronounced effect on reactive phosphoranes. A solution of benzylidenetriphenylphosphorane in benzene loses its red colour on the addition oflithium iodide and there are marked changes in the infrared spectrum of the solution. The reactivity of the phosphorane is decreased so that we are again dealing with a system involving an unreactive phosphorane, that is a major factor influencing the isomer ratio will be the relative rate of formation ofisomeric betaines. Co-ordination of the betaines with the additive will reverse the usual stabilities and the isomer (XXIV) leading to cis-olefin will again be the more stable and will be formed the more rapidly, either because of steric effects or because, as the Russians suggest, of electrostatic repulsion between the halide and oxygen electronic shells.
I t follows from the greater stability of the betaines in the presence of these additives that the olefin-forming reactions will be much slower. This should mean more double bond character in the transition states and therefore favour trans-olefin when conjugative effects are important. This must be the case when using stable phosphoranes, e.g. PhaP: CHC02Et, which give predominantly trans-olefin even in the presence of nucleophilic Lewis bases. The greater double bond character of the transition state in olefin formation more than compensates for the reversal in stability of the isomeric betaines. In terms of the general equation (1), effective additives increase k1 relative to k4 and ks relative to k2, these being the important effects when conjugation of the incipient double bond is not important. But when this factor is important, an increase in the ratio k6 : ka more than compensates for the changes in the other rate constants and maintains the predominant formation of trans-olefin.
Although one of the outstanding advantages of the Wittig olefin synthesis from the experimental point ofview is its relative freedom from complicating factors, it is apparent that the unravelling of the features which control the competing reactions leading to isomeric olefins is far from uncomplicated. The final isomer ratio is determined by a fine balance of rate constants and each system must be considered in its own right.
